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Thermal controlAbstract Thermal vacuum test is widely used for the ground validation of spacecraft thermal con-
trol system. However, the conduction and convection can be simulated in normal ground pressure
environment completely. By the employment of pumped ﬂuid loops’ thermal control technology on
spacecraft, conduction and convection become the main heat transfer behavior between radiator
and inside cabin. As long as the heat transfer behavior between radiator and outer space can be
equivalently simulated in normal pressure, the thermal vacuum test can be substituted by the nor-
mal ground pressure thermal test. In this paper, an equivalent normal pressure thermal test method
for the spacecraft single-phase ﬂuid loop radiator is proposed. The heat radiation between radiator
and outer space has been equivalently simulated by combination of a group of refrigerators and
thermal electrical cooler (TEC) array. By adjusting the heat rejection of each device, the relationship
between heat ﬂux and surface temperature of the radiator can be maintained. To verify this method,
a validating system has been built up and the experiments have been carried out. The results indi-
cate that the proposed equivalent ground thermal test method can simulate the heat rejection per-
formance of radiator correctly and the temperature error between in-orbit theory value and
experiment result of the radiator is less than 0.5 C, except for the equipment startup period. This
provides a potential method for the thermal test of space systems especially for extra-large space-
craft which employs single-phase ﬂuid loop radiator as thermal control approach.
ª 2015 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.1. Introduction
Thermal test plays a very important role in the design, evalu-
ation, fabrication and integration of the spacecraft thermal
control systems. Usually, vacuum thermal balance test is nec-
essary to validate the design of thermal control systems and
to assess their environmental adaptabilities. According to
GJB 1027A-20051 and MIL-STD-1540D,2 this ground based
experimental method is very valid and widely accepted; how-
ever, it is very expensive and the experimental cost is usually
Fig. 1 Schematic diagram of spacecraft ﬂuid loop radiator.
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ground experiments in a cheaper and more efﬁcient way
becomes necessary for the development of a new thermal con-
trol concept.3–5 The normal pressure ground test is one of the
most possible substitutions of vacuum thermal test.
For traditional spacecraft which employs passive thermal
control methods, the major heat transfer approaches are heat
conduction and radiation. The exhaust heat is collected by
conduction and radiation and leaves the spacecraft radiators
by radiation. Therefore, radiation is the most dominated heat
transfer approach which is difﬁcult to be simulated in normal
ground pressure thermal test.6
As the development of spacecraft active thermal control
technologies, such as pumped ﬂuid loops, spray cooling loop
system7–9 and heat pipes integrated with variable emittance
radiators10–12, the heat transfer performances become more
and more complex. Among these active thermal control tech-
nologies, pumped ﬂuid loops are devices which can provide
efﬁcient transfer of a large amount of thermal energy between
several points.6–8 Recently, pumped ﬂuid loops have been used
in many of the space vehicles’ thermal control systems.13–15
Some of the famous missions are the Defense Satellite Pro-
gram, the space shuttle orbiter, Mars Pathﬁnder, Mars Explo-
ration Rover and Mars Science Laboratory.16–20 For
spacecraft which employs pumped ﬂuid loops’ thermal control
system, most of the spacecraft waste heat is transferred to radi-
ator by means of forced liquid convection, therefore, heat con-
duction and heat convection become the main heat transfer
approaches between components and radiators. The heat
transfer behavior between components and radiators can be
simulated in normal ground pressure environment directly,
because the radiation could be controlled to be less than
10% of the heat transfer. Then, the only problem of normal
ground pressure test is how to simulate the heat transfer
behavior between radiator and outer space.
In this paper, an equivalent ground thermal test method for
single-phase ﬂuid loop space radiator is considered in normal
pressure environment. The major contributions include:
(1) A novel ground-based method which uses hardware-in-
loop concept is proposed to simulate the heat rejection
performance of single-phase ﬂuid loop space radiator.
In this method, an actual cooling system which is serving
as the space heat sink is effectively controlled to meet the
theory calculation temperature of radiator so as to sim-
ulate the radiation performance of radiator.
(2) A theoretical model of this method is presented and the
net heat transfer between radiator and outer space is
assumed as a combination of a steady state heat ﬂux
and a transient heat ﬂux. The theoretical value of each
of heat ﬂux is calculated and used for controlling a
group of refrigerators and thermal electrical cooler
(TEC) array to realize radiators’ temperature tracking
during the whole period.
(3) A validating setup of the proposed ground thermal test
method has been designed, modeled and built. The
experimental investigations have been performed; the
error between in-orbit theoretical value and experimen-
tal result of the radiator temperature is less than
0.5 C under the most of the considered situations.The experimental system, mathematical model, discussion
of results and major conclusions of this research will be
described in the following sections of this paper.
2. Fluid-loop space radiators and their equivalent thermal test
method
2.1. In-orbit mechanism of ﬂuid loop space radiator (FLSR)
A simpliﬁed scheme of FLSR which contains k branches of
ﬂuid loop is shown as Fig. 1. Each branch includes one radia-
tor surface; the working ﬂuid is driven to each branch of ﬂuid
loop and a bypass loop by a pump. Denote the nominal tem-
perature of the working ﬂuid in the bypass loop as Tr1, Tri the
nominal temperature of the working ﬂuid at the inlet of the
radiator branch, and Tri;1;Tri;2; . . . ;Tri;k the nominal tempera-
ture at the inlet of each branch. When the working ﬂuid is dri-
ven across the radiators, the waste heat carried by the ﬂuid is
rejected to the space through radiation. Denote
Tro;1;Tro;2;    ;Tro;k as the nominal temperature at the outlet
of each branch, and Tro the mixed working ﬂuid temperature
at the outlet of all k branches. The radiation heat rejection is
controlled by adjusting the ﬂuid ﬂux through the bypass loop
and the radiator branches’ loop. In this way, the working ﬂuid
temperature Tp at the junction outlet point of the bypass loop
and the radiator branches’ loop can be adjusted according to
the devices’ requirements.
2.2. Equivalent ground thermal test method for FLSR at normal
pressure
2.2.1. Technical challenges in ground thermal test
In the equivalent ground test of spacecraft thermal control sys-
tem, researchers mostly focus on the system’s transient work-
ing characteristic, especially for the ﬂuid loop thermal
control system. The key technology of the equivalent thermal
test of ﬂuid loop radiator in 1 atm (1 atm = 1.01325 · 105 Pa)
earth environment is the simulation of radiation heat transfer.
As we all know, the inside structure details of the radiator can
affect the ﬂuid loop radiator temperature. Assume we ignore
the inside structure details of the radiator in equivalent ground
test, if the response of the equivalent system could match the
ﬂuid loop radiator’s on-orbit response when they have the
same heat load, then it indicates that the equivalent system
has the identical state with the space ﬂuid loop radiator.
The spacecraft on-orbit ﬂuid loop radiator system is dis-
played in Fig. 1, if the inlet temperatures such as Tri, Tri,1,
Fig. 2 Equivalent thermal test model of ﬂuid loop radiator in 1 atm earth environment.
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perature of the equivalent system, then as long as the corre-
sponding outlet temperature responses can track the related
on-orbit value correctly, we can conclude that the equivalent
thermal test system could simulate the space ﬂuid loop
radiator.
Now the only task is to simulate the radiation heat rejection
of on-orbit ﬂuid loop radiator system. To achieve this goal, we
propose an equivalent thermal test model shown in Fig. 2.
As displayed in Fig. 2, we consider simulating the radiation
heat rejection of radiator in normal pressure through a group
of refrigerator and TEC array. The equivalent system contains
k branches of ﬂuid loops and each branch of ﬂuid loop
exchanges heat with refrigerator through heat exchanger.
Because the refrigerator and the heat exchanger have relatively
large thermal capacity, a TEC array is used to track the on-orbit
transient thermal response precisely. Thus, the outlet tempera-
ture T^ro at the junction point of all k branches of the equivalent
test system can track the on-orbit valueTro through thismethod.
2.2.2. General ideas of equivalent ground thermal test (EGTT)
method
As stated above, the key issue of the equivalent thermal test of
ﬂuid loop radiator in normal pressure environment is the sim-
ulation of the radiator’s radiation heat transfer. Denote Qs;k as
the space heat ﬂux received by the kth radiator branch and Qr;k
as the heat ﬂux rejected to space through the kth radiator
branch by means of radiation, then the net heat transfer
between radiator and space is Qs;k Qr;k.
To describe the ideas and theory of the equivalent simula-
tion methods presented in this research clearly, the net heat
transfer mentioned above is divided into two parts: steady
state heat ﬂux Qsb;k and transient heat ﬂux Qst;k. Then we get
the equation Qs;k Qr;k ¼ Qsb;k þQst;k: The two parts repre-
sented by Qsb;k and Qst;k can be simulated through the refriger-
ator and TEC array separately, which are displayed in the
equivalent simulation system shown in Fig. 2. Refrigerator
has large thermal capacity and refrigeration quantity, but
could not response quickly, so it is selected to simulate the
steady state heat ﬂux Qsb;k. While TEC array has small thermal
capacity and refrigeration quantity but could respond quickly,
so it is selected to simulate the transient state heat ﬂux Qst;k.That is to say, both refrigerator and TEC array are used to
simulate the net heat transfer between radiator and the space
vacuum Qs;k Qr;k; namely, Qsb;k þQst;k.
To realize the aim of simulating the ground equivalent ther-
mal test of ﬂuid loop radiator, the processes can be summa-
rized as the ﬂowchart shown in Fig. 2. Firstly, the working
performance of radiator is numerically calculated and the cal-
culated radiator temperature is selected as the reference value
of the simulative ﬂuid loop system. Then, the steady state heat
ﬂux Qsb;k and transient heat ﬂux Qst;k are calculated according
to the net heat transfer of radiator to outer space. Finally, in
the experiment, the heat reject performance of the ground sim-
ulant equipment is regulated based on the calculated Qsb;k and
Qst;k to achieve the consistency between test temperature and
reference value.3. Mathematical modeling of EGTT system under normal pressure
The discussion in Section 2 illustrates that the key issue of the
ground equivalent simulation of the space radiation of radia-
tor is to ﬁgure out the steady state heat ﬂux Qsb;k and transient
heat ﬂux Qst;k. The details will be discussed in this section.
3.1. Nominal temperature of radiator
As shown in Fig. 2, the space ﬂuid loop radiator contains k
branches of ﬂuid loop and each branch includes one radiator
surface. According to the energy conservation law, the
dynamic temperature equation of each branch of ﬂuid loop
radiator can be deﬁned as
cr;kmr;k
dTr;k
dt
¼ Qi;k þQs;k Qr;k ð1Þ
where k is the serial number of each radiator branch, cr;k the
equivalent speciﬁc thermal capacity of the kth radiator branch,
mr,k the equivalent mass of the kth radiator branch, and Tr;k
the average temperature of the kth radiator branch.
Qi;k is the heat ﬂux received from ﬂuid loop by the kth radi-
ator branch,
Qi;k ¼ ncp;kGr;kcfðTri;k  Tr;kÞ ð2Þ
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radiator, Gr;k the working ﬂuid ﬂow ﬂux of the kth branch, cf
the working ﬂuid speciﬁc thermal capacity, Tr;k the tempera-
ture of the kth radiator, and Tri;k the inlet temperature of the
kth ﬂuid loop radiator.
Qs;k is the space heat ﬂux received by the kth radiator and is
deﬁned as
Qs;k ¼ Ar;k
X3
i¼1
ak;iqk;i ð3Þ
where Ar;k is the radiator area of kth radiator branch, and ak;i
and qk;i are the absorptivity and space heat ﬂux density of the
kth radiator branch respectively; the subscripts i= 1, 2, 3
stand for the sun radiation, earth reﬂection and earth radia-
tion.Qr;k is the heat ﬂux rejected to the vacuum space by the
kth radiator branch and it is deﬁned as
Qr;k ¼ Ar;ker;krT4r;k ð4Þ
where er;k is the surface emissivity of the kth radiator branch
and r the Stefan–Boltzmann constant, r= 5.67 · 108 W/
(m2ÆK4).
3.2. Nodical outlet temperature of k radiator branches
According to the deﬁnition Eq. (5) of the heat transfer efﬁ-
ciency between ﬂuid loop and radiator, we can get the outlet
temperature Tro;k of ﬂuid loop in Eq. (6).
ncp;k ¼ ðTri;k  Tro;kÞ=ðTri;k  Tr;kÞ ð5Þ
Tro;k ¼ Tri;k  ncp;kðTri;k  Tr;kÞ ð6Þ
Then we can get the transient energy conservation equation
of the temperature of the mixed outlet ﬂuid of all radiator
branches:
mccf
dTro
dt
¼
Xk
i¼1
Gr;icf;iðTro;i  TroÞ ð7Þ
where mc is the total ﬂuid mass of all branches, cf the average
speciﬁc thermal capacity of the ﬂuid loop’s working ﬂuid, cf;i
the working ﬂuid speciﬁc heat of the ith radiator branch, Gr;i
the working ﬂuid mass ﬂow rate of the ith radiator branch
and Tro the temperature of the mixed outlet ﬂuid of all k
branches.
3.3. Heat exchange between radiator and space environment
The net heat transfer between radiator and the space vacuum
Qs;k Qr;k is the key item in the equivalent thermal test. In this
paper, we divide this item into two parts: the steady state heat
ﬂux Qsb;k and the transient state heat ﬂux Qst;k; then we can get
Qs;k Qr;k ¼ Qsb;k þQst;k ð8Þ
As the space heat ﬂux received by the radiator changes peri-
odically on orbit, consider the Fourier series of Qs;k and we get
Qs;k ¼
1
2
A0 þ
X1
1
AnðhÞ
¼ a0 þ
X1
1
ðan cosðnxtÞ þ bn sinðnxtÞÞ ð9Þ
where a0 is constant.Substituting Eq. (9) into Eq. (8) yields
Qsb;k ¼ Qs;k Qr;k Qst;k
¼ a0 þ
X1
1
ðan cosðnxtÞ þ bn sinðnxtÞÞ Qr;k Qst;k
ð10Þ
Do integral about variable t on both sides of Eq. (10), which
yieldsZ 1
0
Qsb;kdt ¼
Z 1
0
a0 þ
X1
1
ðan cosðnxtÞ þ bn sinðnxtÞÞ
"
Ar;ker;krT4r;k Qst;k
i
dt ð11Þ
or we can getZ 1
0
Qsb;kdt ¼
Z 1
0
ða0 Qav;kÞdt
þ
Z 1
0
X1
1
ðan cosðnxtÞ þ bn sinðnxtÞÞ
"
þQav;k  Ar;ker;krT4r;k Qst;k
i
dt ð12Þ
where Qav;k ¼ Ar;ker;krT4rav;k is the average space heat ﬂux
received by the kth radiator branch in a whole orbit period
and Trav;k is the kth radiator’s average temperature in a whole
orbit period.
As
R1
0
ðQav;k  Ar;ker;krT4r;kÞdt ¼ 0, assign Qst;k ¼
P1
1
ðan cosðnxtÞ þ bn sinðnxtÞÞ, then Eq. (12) yieldsZ 1
0
Qsb;kdt ¼
Z 1
0
ða0 Qav;kÞdt ð13Þ
or
Qsb;k ¼ a0 Qav;k ð14Þ
Thus, Eq. (14) gives the steady state heat ﬂux of the kth
radiator branch, which is the reference value of the refrigera-
tor’s refrigeration quantity of the equivalent test system;
Qsb;k will be ﬁgured out in the following context.
3.4. Experimental approaches
According to the equivalent thermal test method shown in
Fig. 2, before starting the test, the values of Qsb,k and Tro
should be calculated using the methods in Section 3. During
the test, ﬁrstly, Qsb,k is set as the reference value of the refrig-
eration quantity, for the purpose of simulating the steady state
heat ﬂux of the net heat transfer between the ﬂuid loop radia-
tor and outer space. Secondly, in order to track the outlet
mixed ﬂuid temperature T^ro of space ﬂuid loop radiator, Tro
is set as the reference value of the outlet mixed ﬂuid tempera-
ture T^ro of the equivalent test system.
The main approach of the equivalent thermal test method
presented in this paper is to adjust the refrigerators and TEC
array to simulate the two parts of the net heat transfer between
ﬂuid loop radiator and outer space. In our experiment, the
refrigerators are used to simulate the steady state heat ﬂux
and TEC array is used to realize the tracking of Tro. As stated
in the last paragraph, Qsb;k is set as the reference value of the
refrigeration quantity of the refrigerators. The actual refriger-
ation quantity Q^sb;k is set as the feedback value of the refriger-
ators, which can be calculated as
Table 1 Parameters of basic heat radiation simulation unit.
Equipment Type Refrigerating output (W) Quantity
Refrigerator Anges AC-3L 2100 2
TEC TEC1-4905 15.8 1
Heat exchanger B3-026-10D 1000 2
Table 2 Design parameters of the satellite.
Parameter Value
Orbit type Circle
Orbit height (km) 800
Orbit inclination angle () 63.41
Orbit period (min) 101
+X surface area (m2) 2.6
X surface area (m2) 1.4
Low case heat load (W) 300
90 X. Ning et al.Q^sb;k ¼ Gfr;kcp;frðTfro;k  Tfri;kÞ ð15Þ
where Gfr,k, cp,fr, Tfri,k and Tfro,k are the working ﬂuid mass
ﬂux, speciﬁc heat, the working ﬂuid inlet temperature and
the outlet temperature of the kth refrigerator branch respec-
tively. The values of the temperature and working ﬂuid mass
ﬂux in Eq. (15) can be metered through the temperature sensor
and mass ﬂux meter during the experiment.
4. Experimental validation of the EGTT method
4.1. Experimental setup and technical performances
To validate the feasibility of this test method, an equivalent
test system is set up (see Fig. 3), which consists of spacecraft
physical simulation unit, the basic radiation heat transfer sim-
ulation unit and EGTT control system. Among them, space-
craft physical simulation unit is used to simulate the
spacecraft’s inside cabin heat transfer characteristics, the basic
heat radiation simulation unit is used to simulate the space-
craft’s radiation heat sink and the EGTT control system is
the calculation and control center of this test system. The basic
heat radiation simulation unit include two refrigerators, two
heat exchangers and one TEC to simulate a spacecraft contain-Fig. 3 Schematic diagram oing two branches radiator. The details of basic heat radiation
simulation unit are displayed in Table 1.
During the experiment, the PT100 platinum resistance ther-
mal sensors with measurement accuracy ±0.1 C are used to
monitor the temperatures of key points in the system. Turbinef equivalent test system.
Hot case heat load (W) 800
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the working ﬂuid volume ﬂow rate in the loops, the measure-
ment accuracy of which is ±0.5%, with a measuring range
of 0.04–0.25 m3/h. The accuracy of heat load simulation sys-
tem is ±0.1 W.
4.2. Parameters and orbit environment of the satellite investigated
In the experiment, an inclined-orbit hexahedral satellite is sim-
ulated. The orbit height of the inclined-orbit hexahedral satel-
lite is 800 km, orbit inclination angle b= 0, the orbit period is
101 min (with 35 min in the earth’s shadow, 66 min can receive
the sunshine). The detailed parameters of the satellite are
shown in Table 2.
The heat load variation of the devices during the two-
orbit period is shown in Fig. 4. When the satellite is in the
earth’s shadow, the devices’ minimum heat load is 300 W,
and when it moves to the sunshine, the devices’ maximum
heat load is 800 W. The satellite’s ﬂuid loop thermal control
system includes two radiator surfaces located on the ±X side
of the satellite respectively. The variation of the space
radiation heat ﬂux received by the two radiators is shown
in Fig. 5.Fig. 4 Heat load variation of the devices during the two-orbit
period.
Fig. 5 Space heat ﬂux absorbed by radiator.4.3. Results and discussion
Ground experiments are carried out to validate the equivalent
thermal test method proposed in this paper. In this experiment,
the ﬂuid loop thermal control system of a satellite with param-
eters shown in Table 2 is simulated. There are two radiators in
the thermal control system, and two branches of ﬂuid loop sys-
tem transfer the waste heat of devices to the radiators.
The experimental results of three orbit periods of the satel-
lite are shown in Figs. 6–8 and illustrations from the experi-
ment results are discussed as follows.
Figs. 6 and 7 display the outlet working ﬂuid temperature
of radiator 1 and radiator 2. The data shows that the error
between T^ro;1 and Tro;1, Tro;2 and T^ro;2 are approximately 3 C
and 2 C respectively, when the radiator’s temperature reaches
peak and falls down to valley value. While in other cases the
error decreases to 0.5 C. That is because the temperatures
of the two branches are adjusted only using the steady state
on-orbit value as the controller’s reference value, therefore
the experimental values could not track the calculated on-orbit
value very precisely.
Fig. 8 displays the mixed working ﬂuid temperature (T^ro
and Tro) of radiator 1 and radiator 2. The experimental result
is identical with the calculated theory value, and the error
between the theoretical value and the experimental result of
the target temperature is less than 0.5 C except for the startup
period in the ﬁrst 500 s.
This indicates that the track of transient heat ﬂux by TEC
array is essential. After transient heat ﬂux is considered, the
error between on-orbit value and experimental value decreasesFig. 6 Outlet ﬂuid temperature of radiator 1 (T^ro;1 and Tro;1).
Fig. 7 Outlet ﬂuid temperature of radiator 2 (T^ro;2 and Tro;2).
Fig. 8 Mixed working ﬂuid temperature (T^ro and Tro) of
radiator 1 and radiator 2.
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simulated by the simulation of Qsb;k and Qst;k, through control-
ling the refrigerators and TEC array using the theoretical val-
ues of Qsb;k and Qst;k as the reference value. The results
illustrate that it is reasonable of using the equivalent thermal
test method to validate the space radiation performance of
the ﬂuid loop radiator thermal control system.
5. Conclusions
We propose an equivalent ground thermal test method to
reﬂect the heat rejection performances of ﬂuid loop space radi-
ator, which is necessary for the large spacecraft such as space
station and deep space exploration vehicles. Both theoretical
approach and experimental setup have been discussed in
detailed. The experimental results argue that the error between
the theoretical and the experimental values is less than 0.5 C
except for the equipment startup period.
This suggests that the proposed equivalent ground thermal
test method can be considered as a potential effective way to
evaluate the working performance and environmental adapta-
bilities of ﬂuid-loop space radiator which may be involved in
many advanced spacecraft thermal control systems. In the
future, the equivalent ground thermal test method can be
extended to spacecraft thermal balance test, it will save a lot
of scientiﬁc research funds, and shorten the project develop-
ment schedule.
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